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Semi-crystalline polymers such as polyethylene (PE) and polypropylene (PP) show complicated morphologies composed of a mixture of crystalline and amorphous phases. The diversity in the structure with a wide range of length scales
is responsible for the durability or high toughness of semi-crystalline polymers [1,2].
When a high-density polyethylene (HDPE) specimen is uniaxially drawn, the elastic deformation is followed by double yield points referred to as the first and the second yields. During such dual plastic deformations, large-scale
transformation of the semi-crystalline morphology takes place, and collapse of the spherulite structures, necking of the sample specimens, and rearrangement of the lamellar crystals and the polymer chains have been observed [1–6]. Although
various models, such as the lamellar local-melting and recrystallization model [4,7], and the lamellar cluster model [3,8–10], have been proposed for the deformation mechanism, such complicated changes in the hierarchical structures of semi-
crystalline polymers are still controversial.
Spectroscopic techniques have been applied for the orientational behavior of PE during elongation [11–17]. The infrared (IR) spectroscopy has been applied intensively, and it has been established that the molecular chains in the
crystalline and amorphous phases orientate toward the draw direction [11–14]. It has also been demonstrated that the orientation proceeds rapidly after the first yield, and gradually in the neck-propagation and the strain-hardening regions.
However, the IR spectroscopy gives one orientation parameter 〈P2〉 which corresponds to the averaged orientation. For PE, the vibrations of the side chains, such as CH2 twisting and wagging, are IR-active, and the skeletal vibrations of the C–C
bonds are IR-inactive, then the load sharing on the polymer chains could not be directly observed with the IR spectroscopy.
Raman spectroscopy has several advantages to investigate the deformation behavior of polymeric materials [18–24]: it is applicable to opaque and thick samples, and molecular environments can be separately detected for both the
crystalline and the amorphous phases. Raman scattering is an optical technique that provides a complementary approach to IR absorption when transparent and very thin (typically <100 µm thickness) films are required. In addition, it is
advantageous to use Raman spectroscopy because the vibrations of the skeletal C–C bonds in main chains are directly observed [20,25]. Because the C–C stretching vibration is strongly Raman active, microenvironments of the polymer chains
are probed by the spectral shifts [26,27]. Polarized Raman spectroscopy gives not only a measure of the average orientation, which is obtained by the usual spectroscopies such as birefringence and IR dichrom, but also the orientation
distribution function (ODF, N(θ)) [28–30]. In the yielding region where the neck of the specimen is formed, complicated deformation mechanism is expected. Indeed, various models for the plastic deformation of the crystalline chains have been
proposed [1,3,4,8,27]. Two orientation parameters 〈P2〉 and 〈P4〉 given by the polarized Raman spectroscopy enable us to discuss the microscopic mechanism of deformation in detail.
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Abstract
The microscopic mechanism of high-density polyethylene under uniaxial drawing is investigated using in situ Raman spectroscopy. From the peak shifts of the symmetric and anti-symmetric C–C stretching modes, it is found
that the load sharing on the polymer chain in the yielding region is anisotropic with stretching along the chain and compression perpendicular to the chain. The orientation functions (〈P2〉 and 〈P4〉) as well as the orientation distribution
function (N(θ)) are determined from the polarized Raman spectra. The molecular orientation with cold drawing is found to proceed more effectively for lower crystallinity specimens. In the yielding region, it is also found that N(θ) has a
maximum at the polar angle θ = 30–70°. This peculiar behavior in the microscopic scale is explained by the preferential collapse of spherulites and the existence of lamellar clusters as the bulky mobile units.
Keywords: High-density polyethylene; In situ Raman spectroscopy; Mechanical properties
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Raman spectroscopy has been mainly applied off line for fibers and drawn specimens [31–34]. It should be emphasized that in situ measurements make it possible to provide transient data of the deformation behavior at the molecular
level under tension, excluding the effects by stress relaxation that take place immediately after unloading the specimen. Recently, in situ Raman microscopy has been applied to PP films under uniaxial tensile testing, and the microscopic
deformation mechanism has been discussed [27,35].
In this work, the deformation mechanism of HDPE in uniaxial tensile tests is investigated at the molecular level using in situ Raman spectroscopy. The load sharing and the orientation of the polymer chains are determined from the
spectral changes with elongation. Based on these rheo-optical data, a novel molecular mechanism under uniaxial deformation is proposed.
2 Experimental
Ziegler–Natta−catalyzed HDPE samples supplied by Tosoh Corporation were used in this study. A sheet of HDPE with ∼1 mm thickness was prepared by a hot-press method, where the pellets were melt at 210 °C for 5 min under
compression at 20 MPa followed by quenching in iced water. The crystallinity of the sample was tuned with annealing temperatures from 40 to 110 °C at a fixed annealing time of 5 h. The test specimens for the measurements were cut out with
a notch-shaped die (2 mm gauge length and 4 mm width) from the annealed film. The volumetric crystallinity of the sample was determined by the Archimedes method, where the density of the amorphous and the crystalline phases were
assumed to be ρa = 855 kg/m3 and ρc = 1000 kg/m3 [36], respectively. The resultant volumetric crystallinities along with the characteristics of the samples are listed in Table 1.
Table 1 Characteristics of samples.
Sample code Mw/104 Mw/Mn Annealing temp. (°C) Density (kg m−3) Crystallinity (vol.%)
HDPE68(5.2) 5.2 5.2 110 953 68
HDPE66(5.2) 5.2 5.2 100 948 66
HDPE62(5.2) 5.2 5.2 40 943 62
HDPE68(10) 10 5.9 110 953 68
A schematic diagram of the apparatus for the in situ Raman spectroscopic measurements under uniaxial tensile testing is shown in Fig. 1(a). The Raman spectra were collected in back scattering geometry. A 20 mW He–Ne laser
(LASOS) was used as the excitation light source. The laser light was monochromated with a laser line filter, and irradiated into the notched portion of the specimen. The diameter of the laser spot was ∼1 mm. The shape of the specimen and the
laser spot were schematically illustrated in Fig. 1(b). When the specimen initiates necking in the yielding region, the unnecked portion, as well as the necked portion, would exist in the beam spot. We have carried out the measurements with a
smaller beam spot (smaller than 0.5 mm diameter), and confirmed the results would not be affected by the spot size. From the IR imaging of the PE under neck formation [37], it has been found that the molecular orientation dose not proceed in
the unnecked portion in the neck-formation region, and the orientation proceeds rapidly during the neck formation. Their results suggest that the effect by the unnecked portion would be negligible, even if the necked and unnecked portions
coexists in the observed region (e.g. between A and B in Fig. 1(b)). A custom-made tensile machine with double-drawing mechanism was installed in the optical path, and the scattered light was collected in back scattering geometry. The
experiments were conducted at 20 °C at an elongation speed of 1 mm/min. It should be noted that the excitation laser was kept spotted at the notched portion during drawing. The scattered light was collected with a concave mirror and
collimated with a convex lens into the optical fiber through a Raman long-pass filter. An intensified charge-coupled device camera equipped with a monochrometer (PIXIS100 and SpectraPro 2300i, Princeton Instruments) was used as the
detector. For polarized Raman spectroscopy, a pair of wire-grid polarizers was inserted as the polarizer and the analyzer. The non-polarized spectra were accumulated 10 times with an exposure time of 1 s. The polarized spectra were collected
in zz, yz, and yy geometries and accumulated 10 times with an exposure time of 2 s.
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A typical Raman spectrum in the C–C stretching region is shown in Fig. 2. The Raman bands of the C–C stretching modes in PE are listed in Table 2 [24,25, 38,39]. The anti-symmetric (1063 cm−1) and symmetric (1130 cm−1)
stretching modes correspond to the vibrations of carbon atoms along and perpendicular to the molecular chain, respectively. As shown in Fig. 2, the experimental Raman spectra were successfully fitted with a sum of two Voigt functions using a
nonlinear Levenberg–Marquardt method, and the peak positions and the peak areas for the two peaks were determined. The uncertainties in determining the peak shifts and the peak areas were less than ±0.15 cm−1 and 4.0%, respectively. It
should be noted here that the weak and broad peak at 1080 cm−1, which was assigned to the C–C stretching in the amorphous phase, was safely ignored because the intensities of this band were sufficiently small because of the high
crystallinity.
Table 2 Vibrational and phase assignments of the Raman spectrum of polyethylene.
Raman shift (cm−1) Intensity Modea Phase
1063 strong νas(C––C) Trans chain
1080 weak ν(C––C) Amorphous
1130 strong νs(C––C) Trans chain
a νs, symmetric stretching and νas, anti-symmetric stretching.
The positive and negative peak shifts were interpreted as the compressing and stretching stresses applied on the molecular chains, respectively. The peak shifts of the symmetric and anti-symmetric vibrations were defined as the
deviation of the Raman shifts from that of the undrawn specimens:
where the superscript 0 denotes the undrawn specimens. From the direction of the symmetric and anti-symmetric vibrations, Δνs and Δνas were interpreted as the microscopic stresses perpendicular and parallel to the molecular chain,
respectively.
The orientational behavior of main chains has been revealed by polarized Raman spectroscopy [16,28, 40– 43]. For PE, the symmetric C–C stretching mode at 1130 cm−1 is relevant. The integrated intensities of the polarized spectra
are expressed as [20,29, 40,41].
Fig. 1 Schematic illustrations of (a) experimental system for in situ Raman spectroscopy and (b) shape of the specimen and laser spot for undrawn (A), necking (B), and necked (C) samples.
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where Iij denotes the integrated intensity for the i-polarized excitation and j-polarized scattered light. The terms a and b are associated with the principal elements of the polarizability tensor. In these equations, the orientation parameters
〈P2〉 and 〈P4〉 are written as a function of the chain orientation angle θ with respect to the draw axis as
The orientation parameters 〈P2〉 and 〈P4〉 are determined analytically by combining Eqs. (3)–(6). The value of 〈P2〉 is an appropriate measure of the molecular orientation averaged over the entire direction [22, 44]. The upper and lower
limits of 〈P2〉 are 1 and −0.5, which correspond to a perfect alignment of the molecular chains along and perpendicular to the elongation direction, respectively. Combination with 〈P4〉 enables discrimination of the difference in the possible
orientation distributions even for identical 〈P2〉 values [28, 41]. 〈P4〉 has limiting values that depend on the specific 〈P2〉 value, such that
For a system with uniaxial symmetry, the polar angle distribution of polymer chains is described by the ODF (N(θ)), which is expressed as an expansion of even Legendre polynomials (Pl(θ)) [22,28]. For Raman spectroscopy, which
gives 〈P2〉 and 〈P4〉, N(θ) is written as
The fourth-order orientation parameter 〈P4〉 enables the molecular orientation to be more precisely described, though a set of polarized Raman spectra with sufficiently high signal-to-noise ratios is required to determine the value of 〈P4〉.
To avoid the intrinsic difficulty in determining 〈P4〉, Bower introduced the most probable distribution function, 〈P4〉mp, which is the calculated value of 〈P4〉 for the given 〈P2〉 with the maximum entropy assumption [28]. The expression for 〈P4〉mp is
for positive 〈P2〉, and
for negative 〈P2〉 [29, 45]. In Fig. 3, 〈P4〉mp is plotted against 〈P2〉 (dashed line). Even if the value of 〈P2〉 is fixed at zero, the orientation distribution function is not unique, as shown in Fig. 3(a)–(c); The random distribution corresponds to














Fig. 4 shows the stress–strain curves of HDPE at 20 °C and elongation speed 1 mm/min. In the elastic region, the stress linearly increases with the applied strain. After the proportional region, the stress has a maximum at the first yield
point (ɛ = 0.6) and the second yield point (ɛ = 1.1), at which the stress–strain curve has a slight hump and the test specimen initiates necking. Generally, the neck-propagation region is observed between and the yielding and the strain-hardening
regions. However, since the present specimens have very short gauge (2 mm), the neck propagation completes in a narrow range (from ɛ = 1.6 to ɛ = 2.0), and the neck-propagation region is not clearly observed in the stress–−strain curves.
Beyond the yielding region with necking, the stress linearly increases with the applied strain in the strain-hardening region (ɛ > 1.6). It is obvious that higher crystallinity increases the overall stress level.
Fig. 3 〈P2〉−〈P4〉 diagram and a schematic representation of the different orientation distribution functions with 〈P2〉 = 0.
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In Fig. 5, in situ Raman spectra of HDPE68(5.2) at various strains are shown. Here, we focus on the two bands at 1130 and 1063 cm−1. In Fig. 6, the peak shifts for the symmetric C–C stretching mode at 1130 cm−1 (Δνs) are plotted
against the applied strain. In the elastic region, Δνs remains zero irrespective of the crystallinity and molecular weight. At the first yield point (ɛ = 0.6), Δνs starts to increase with increasing strain, and has a maximum around the second yield
point (ɛ = 1.1). In the strain-hardening region (ɛ > 2), the negative slope becomes gradual, and Δνs appears to approach an asymptotic value that depends on the crystallinity. In the strain-hardening region, because the peak shifts are more
enhanced for the higher crystallinity HDPE and less dependent on the molecular weight, the load shearing on the polymer chains in the crystal phase is dominated by the crystallinity, and the higher crystallinity results in larger load shearing.
Fig. 4 Stress–strain curves of HDPE samples measured at 20 °C and elongation speed 1 mm/min.
Fig. 5 In situ Raman spectra of HDPE68(5.2) at various strains.
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In Fig. 7, the strain dependence of the peak shifts for the anti-symmetric C–C stretching band at 1063 cm−1 (Δνas) is shown. In the elastic region, Δνas, as well as Δvs, remains at zero, which suggests almost no stress is applied to the
molecular chains in the crystalline phase. At the first yield point, Δνas starts to decrease, and gradually decreases with increasing strain. In the strain-hardening region, Δνas shows similar dependence on the crystallinity and the molecular weight
to Δνs.
Except for Δνs in the yielding region, the peak shifts Δνs and Δνas are negative, indicating that the external stretching stresses on the polymer chain axis. It is quite reasonable that negative peak shifts are observed in the specimens
under tensile stress. It should be emphasized that a distinct change in the load sharing occurs in the yielding region, because the load sharing on the polymer chain is anisotropic (stretching along the molecular chain and compression in the
transverse direction on the chain axis), and the compression stress shows a maximum at the second yield point. For the peak shifts of highly oriented PE fibers [26], it has been demonstrated that both symmetric and anti-symmetric stretching
modes show negative shifts under the load, and the peak shift for the anti-symmetric vibration is twice that of the symmetric vibration. In the present study, a similar relationship of Δνas≈2Δνs was obtained in the strain-hardening region. A higher
crystallinity sample shows greater peak shifts in the strain-hardening region, while Δνs and Δνas are less dependent on the molecular weight.
The polarized Raman spectra of HDPE68(5.2) at ɛ = 8.0 are shown in Fig. 8. The peak area of the 1130 cm−1 band strongly depends on the polarization, while the area of the 1063 cm−1 band depends little on the polarization. The larger
peak area for the zz geometry suggests that the molecular chain is highly orientated along the draw direction at ɛ = 8.0.
Fig. 6 Strain dependence of Δνs for HDPE68(5.2) (circles), HDPE66(5.2) (squares), HDPE62(5.2) (diamonds), and HDPE68(10) (triangles).
Fig. 7 Strain dependence of Δνas for HDPE68(5.2) (circles), HDPE66(5.2) (squares), HDPE62(5.2) (diamonds), and HDPE68(10) (triangles).
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In Fig. 9, the orientation parameter 〈P2〉 is plotted against the applied strain. In the elastic region, 〈P2〉 remains close to zero irrespective of the applied strain. Beyond the first yield point, 〈P2〉 starts to increase and then rapidly increases
with increasing strain. The slope then changes to gradually increasing in the strain-hardening region. This behavior suggests that orientation of the molecular chain in the elongation direction begins at the first yield point, proceeds rapidly up to
the final stage of the second yield point, and then the highly orientated state is achieved in the strain-hardening region. These behaviors of 〈P2〉 are consistent with those estimated with the IR and the NIR spectroscopies [11–15]. It has been
demonstrated that the orientation of the amorphous chains proceeds rapidly in the yielding region, as well as the crystalline chains, though the values of the orientation function of the amorphous chains are appreciably smaller than those of the
crystalline chain [11–13,16, 43]. These orientational behaviors of the amorphous chains seem to be consistent with the present results for the crystalline chains. For HDPE with low crystallinity, the onset of the increase of 〈P2〉 takes place at
slightly smaller strain and the slope of 〈P2〉 is slightly higher than for high crystallinity HDPE. The inverse dependence on crystallinity, where higher crystallinity leads to lower orientation, is associated with poor rearrangement of stacked
crystalline blocks in the stretching direction. This is because the steric hindrance of the stacked crystalline blocks is enhanced by the increase of the rigid crystal structure within the blocks. No appreciable molecular-weight dependence is
observed in the present study for the HDPE with relatively low molecular weights, which is consistent with IR and X-ray diffraction studies [37,46,47].
As shown in Fig. 10, 〈P4〉 remains almost constant at a slightly negative value in the initial elastic region. At the first yield point, 〈P4〉 begins to decrease with increasing strain, and has a shallow minimum in the early stage of strain
hardening. Then, 〈P4〉 gradually increases with increasing strain, approaching a slightly positive value. HDPE with low crystallinity exhibits larger 〈P4〉, which indicates a broader distribution of molecular orientation. These peculiar behaviors of 〈P4〉
are highlighted by considering the most probable distribution function 〈P4〉mp [22,28,29, 45]. In Fig. 11, 〈P4〉mp is compared with the experimental 〈P4〉. Because 〈P4〉mp is a polynomial function of 〈P2〉 (see Eqs. (11) and (12)), the decrease of 〈P4〉
in the yielding region could not be reproduced. It should be pointed out that the values of 〈P4〉 are much smaller than 〈P4〉mp. From the functional form of the second and the fourth Legendre polynomials, it is obvious that smaller 〈P4〉 is an
indication of a broader distribution of orientations.
Fig. 8 In situ Raman spectra of HDPE68(5.2) at ɛ = 8.0 for various polarizations.
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Fig. 9 Strain dependence of 〈P2〉 for HDPE68(5.2) (circles), HDPE66(5.2) (squares), HDPE62(5.2) (diamonds), and HDPE68(10) (triangles).
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indication of a broader distribution of orientations.
The experimental 〈P4〉 enables us to estimate N(θ). The functional forms of N(θ) for HDPE68(5.2) are shown in Fig. 12. From the definition, N(θ) of the undrawn sample has a constant value of 0.5. At the first yield point, the values of
N(θ) increase in the polar direction (θ ≈ 0°) and decrease in the equatorial direction (θ ≈ 90°), which indicates the onset of molecular orientation. At the second yield point, while N(θ) in the equatorial direction further decreases, N(θ) in the polar
direction remains almost constant. Moreover, N(θ) shows a broad peak in the intermediate direction (30–70°), which is a consequence of the negative deviation of 〈P4〉 in this region. After the second yield point, the peak at θ = 0 becomes
dominant, which indicates high orientation in the strain-hardening region. In the yielding region of semi-crystalline polymers, it has been demonstrated that the lamellar structure is partially collapsed, and the reorientation of polymer chains is
attained through reordering of the lamellar crystal fragments (lamellar clusters) [8,10, 48]. The maximum of N(θ) in the intermediate direction may be because of the restructuring of the bulky lamellar clusters. Since N(θ) is calculated by using a
set of 〈P2〉 and 〈P4〉, it should be emphasized that N(θ) could not be determined by the IR spectroscopy, and that these peculiar behaviors of N(θ) are highlighted by using a series of in situ measurements during tensile testing.
Fig. 10 Strain dependence of 〈P4〉 for HDPE68(5.2) (circles), HDPE66(5.2) (squares), HDPE62(5.2) (diamonds), and HDPE68(10) (triangles).




The deformation mechanism of HDPE is schematically illustrated in Fig. 13. In the elastic region (ɛ = 0–0.6), where the stress linearly increases with increasing strain, the load sharing and the orientation parameters essentially remain
zero. In this region, the spherulite structure elastically deforms (shown as an ellipse in Fig. 13), and there is little load sharing on the crystalline phase, suggesting that the stress concentrated on the non-crystalline phase with lower modulus.
Nitta et al. [5,6] theoretically showed that the inter-lamellar molecular chains are stretched in the equatorial zone and compressed in the polar zone within affinely deformed spherulites.
In the yielding region (ɛ = 0.6–1.6), because the increase of 〈P2〉 is small (∼0.1), the molecular orientation should only slightly occur. Then, the orientation of the crystals still remains essentially the same as in the elastic region. In the
polar zone of a spherulite, because the polymer chains have already oriented along the draw direction, the stretching stress would be applied along the polymer chain. In the equatorial zone, because the polymer chains have directed
perpendicular to the draw axis, the slight increase of 〈P2〉 is mainly because of the reorientation of the polymer chain in this zone. Fragmentation of the stacked crystalline lamellae (lamellar clusters) into cluster units within the collapsed
spherulitic structure occurs at the first yield point. The fragmented lamellar cluster units behave as deformation units in the post first-yielding region, and then molecular reorientation is attained through the rotation of the lamellar cluster units.
Because the lamellar cluster units are considered to be rigid and bulky cubic blocks [3], the rotational motions of the cluster units induce compression stress. Densification of the lamellar cluster units has been observed between the first and
second yield [3]. Because compression stress perpendicular to the polymer chain is observed, the stress in the yielding region is concentrated on the crystals in the polar zone, and the anisotropy of the stress is induced by the densification of
lamellar cluster units.
After the second yield point, Δνs sharply decreases and 〈P2〉 exponentially increases. The onset of the orientation of the crystals may reduce the compression stress on the polymer chain. N(θ) showed a maximum at an intermediate
angle (30–70° from the elongation direction) and decreases in the perpendicular zone (θ ≈ 90°). This indicates that lamellar cluster units in the equatorial zone that were orientated along the polar direction before deformation preferentially
reordered. In addition, N(θ) remained the same in the elongation direction (θ ≈ 0°), indicating that the lamellar cluster units in the polar zone showed no orientation until the second yield. The reorientation in the lamellar cluster blocks as the
mobile unit would be inhibited because of the existence of the surrounding lamellar cluster units, which cause partial orientation along θ = 30–70°. It is noteworthy that the orientational behavior depends on the crystallinity, but only slightly
depends on the molecular weight. For HDPE with lower crystallinities, the long period is shorter, which makes the size of the lamellar clusters smaller and more mobile [3, 49], and then the enhanced orientation is because of the smaller size of
the lamellar clusters as the mobile unit.
In the strain-hardening region, the stress and the molecular orientation of crystals gradually increase with strain. The decrease of both Δνs and Δνas showed that stretching stress was applied to the chain and perpendicular axes. These
Fig. 12 Orientation distribution functions N(θ) of HDPE68(5.2) at various strains.
Fig. 13 Schematic illustration of the HDPE deformation mechanism.
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present results for PE sheets in the strain-hardening region are consistent with the results of the peak shifts Δνs and Δνas for PE fibers [26], where the peak shifts of the symmetric and anti-symmetric vibrations linearly decreased with increasing
strain, and the shift for the anti-symmetric vibration was twice that for the symmetric vibration. Then, the load sharing on the crystals in the strain-hardening region was suggested to be similar to that for fibril structures.
5 Conclusion
In situ Raman spectroscopy was used to elucidate the molecular mechanism of the uniaxial cold drawing of HDPE. The peak shift of the symmetric C–C stretching mode shows positive deviation in the yielding region and has a
maximum at the second yield point, while the peak shift of the anti-symmetric vibration has negative values and decreases with elongation. The anisotropic stress in the yielding region is because of the partial collapse of the spherulites, where
the lamellar crystal in the equatorial zone preferentially collapses. From the orientation parameter 〈P2〉, it is found that HDPE with lower crystallinity shows higher orientation. The values of 〈P4〉 are substantially smaller than the most probable
distribution function 〈P4〉mp, which suggests a relatively broad orientation distribution. The orientation distribution function N(θ) shows a broad maximum at an intermediate polar angle θ = 30–70° in the yielding region, otherwise N(θ) has a
maximum along the elongation direction.
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Highlights
•  In situ Raman spectroscopy is applied to investigate the deformation mechanism of the uniaxial cold drawing of HDPE.
•  The load sharing in the yielding region is anisotropic with stretching along the polymer chain and compression perpendicular to the chain.
• In the yielding region, orientation distribution function shows a broad maximum in the intermediate direction (30–70°).
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